I. INTRODUCTION
Interface reconstructions of complex oxides often provoke new phenomena not existing in the parent bulk and have greatly broadened the available material functionalities. [1] [2] [3] [4] Recently, a lot of progresses have been achieved in the study of oxygen-octahedral-rotation (OOR) patterns near the interface, demonstrating the strong promise to drive new functionalities through tunable lattice reconstructions.
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But the rational design of functional interfaces is strongly hindered by the limited understanding of the mechanism governing interfacial lattice reconstructions, especially by the lack of quantitative information of interfacial strain. Strain stands as an important mean of lattice reconstruction and can strongly manipulate the quantum state of bulk thin films. [18] [19] [20] Although both theoretical 9, 10 and experimental studies 21 have been conducted in order to understand the relation between strain and OOR near the interface, accurate information about interfacial strains and their roles in tuning interfacial properties remain elusive. The major challenge comes from the nonstoichiometry problem since the stoichiometry of the interfacial layers often deviates from that of the bulk. [22] [23] [24] The simple method of comparing the lattice structure of interfacial layers to that of the stoichiometric bulk is too crude for accurately resolving strain. Thus an alternative method to quantitatively determine the interfacial strain and enable further understanding of the interfacial lattice-reconstruction principle is urgently needed.
In a coherent interface, only the in-plane (IP) strain and the OOR around the IP axes are directly constrained from one side of the interface to the other side, as schematically shown in Figs. 1(a) and 1(b). The out-of-plane (OOP) strain and the OOR around the OOP axis, shown in Figs. 1(c) and 1(d), are not directly constrained by the interface. It is critical to correlate the directly constrained reconstructions to the notdirectly-constrained ones in order to determine the anisotropic strains, and also to determine the correlation between IP-and OOP lattice-reconstructions. Poisson's ratio represents the material's intrinsic elastic response under stress, which can provide a robust correlation between IP and OOP strains and other lattice reconstructions. The size of Poisson's ratio is mainly dependent on the atomic packing density. And materials with a similar symmetry usually have similar Poisson's ratio. 25 Most perovskite oxides exhibit a typical Poisson's ratio % 0.3, which is inert to strain, [26] [27] [28] chemical doping, 29 oxygen vacancy, 30 or even a small amount of porosity. 31 It is important to note that a large change of Poisson's ratio can be expected near a phase-transition temperature, 32, 33 or when the crystalline orientation changes. 34 Otherwise, it is privileged to use the very stable Poisson's ratio to correlate the OOP (IP) lattice reconstructions through the known IP (OOP) reconstructions.
In this work, we demonstrate the approach using Poisson's ratio to quantitatively unravel the interfacial strain and the lattice reconstruction mechanism of ultrathin LaMnO 3þd layers in two series of superlattices (SLs), the (LaMnO 3þd ) N /(SrTiO 3 ) N and (LaMnO 3þd ) N /(SrTiO 3 ) 2 (N ¼ 2 to 6). The two series of SLs are named as N/N and N/2 SLs in this study. Both the lattice constants and the OORs of the virtual LaMnO 3þd bulk are calculated. Consequently biaxial and hydrostatic strains are obtained. The relation between both types of strains and the ferromagnetic transition temperature are discussed which are very different in the two types of SLs. Moreover, the average OOR along the IP and OOP directions is found to be conserved to a) xfzhai@ustc.edu.cn that of the virtual bulk. The study provides a quantitative method using Poisson's ratio to reveal the interfacial strain and the lattice reconstruction mechanism near the interface.
II. EXPERIMENTS
Short period (LaMnO 3þd ) N /(SrTiO 3 ) N and (LaMnO 3þd ) N / (SrTiO 3 ) 2 SLs with N ¼ 2 to 6 were fabricated by reflectionhigh-energy-electron-diffraction (RHEED) assisted pulsed laser deposition. In the N/2 series, the numbers of supercells are 15, 7, and 5 for N ¼ 2, 4, 6 superlattices, respectively. And in the N/N series, the supercell numbers are 15, 7, 6, and 5 for N ¼ 2, 3, 4, 6 superlattices, respectively. Thus the total thickness of the LaMnO3 layers is kept from 20 to 30 unit cells in each superlattice. Details of the fabrications have been shown in a previous report. 13 The structure characterizations of ultrathin LaMnO 3þd layers in the SLs were done by synchrotron Xray diffraction (XRD) at the beam line 33-BM-C of the Advanced Photon Source at the Argonne National Lab. Mn valence measurements were done by X-ray absorption fine structure (XAFS) at the 1W1B beamline of the Beijing Synchrotron Radiation Facility, using the fluorescent mode with a 19-element Ge solid state detector.
III. RESULTS AND DISCUSSION
A. The XRD measurements of half-order Bragg peaks Experimentally, we systematically measured 55 half-order Bragg peaks for the N/N superlattices and 32 half-order Bragg peaks for the N/2 superlattices. 13 The large amount of Bragg peaks are divided into three categories: peaks with one-halfinteger and two-integer indices [such as (0.5, 1, 2)], peaks with two half-integer and one-integer indices (such as [0.5, 1.5, 2)], and peaks with three-half-integer indices [such as (0.5, 1.5, 2.5)]. The two half-integer peaks correspond to diffractions from an orthorhombic phase with in-phase (þ) rotation along one axis and out-of-phase (À) rotations along two other axes. The details of the Glazer notation can be found in Ref. 35 . The one half-integer peaks are usually caused by A-site displacements due to the (aÀ aÀ cþ) orthorhombic rotation in the orthorhombic phase. For the N Ϲ 6 superlattices discussed in this paper, we only observed the three-half-integer Bragg peaks with strong intensity variation, while the one-half-integer and two-half-integer peaks are clearly absent. Thus the N Ϲ 6 superlattices do not have any in-phase rotations, but have rhombohedral type rotations of (aÀ aÀ aÀ). Due to the biaxial strain, the rotation magnitude is different in the in-plane direction and the out-of-plane direction. The actual rotations in the superlattices take the form of (aÀ aÀ cÀ).
Based on the large amount of half-order Bragg diffraction peaks measured in each superlattice sample, the octahedral rotation angles are retrieved by fitting all the diffraction peak intensities using the method described in Refs. 5 and 36. The measured diffraction peak intensities and the fitting are shown in our previous work. 13 We measured the HL and KL maps near the (2 2 2) SrTiO 3 substrate diffraction peaks for all superlattices. And all superlattices were found to be coherently strained to SrTiO 3 substrates, as shown in Table I . 
B. The virtual-bulk lattice structure
Here, we define a virtual-bulk lattice structure. Different from the stoichiometric bulk that is often used in calculating thin-film strain, the virtual bulk is not necessarily stoichiometric but has the identical stoichiometry to the actual film stoichiometry. Thus the lattice constant of the virtual bulk is a better choice than that of the stoichiometric bulk to be used to quantify the thin film strain. First, we derive the lattice constant of the virtual bulk LaMnO 3þd , which has the identical stoichiometry as the interfacial layers, using the experimentally measured lattice constants of the epitaxial layers. Stoichiometric LaMnO 3 belongs to the orthorhombic family with a pseudocubic lattice constant a 0 ¼3.942 Å . 37 While in our SLs, the stoichiometry is changed to LaMnO 3þd and the lattice transforms to the distorted rhombohedral type. d is a small number that is smaller than 0.1. 13 The pseudocubic lattice constant of the LaMnO 3þd virtual bulk is defined as a 0,vir and the symmetry to be non-distorted rhombohedral. Here, the strains are separated to the isotropic hydrostatic strain (e h ) and the asymmetric biaxial strain (e b ). 38 The definitions of e h and e b are shown in Eqs. 
Equation (2a) is the relation between Poisson's ratio and the biaxial strains (e b // and e b ? ). 38 Combining Eqs. (1b), 1(c), and (2a), the relation between Poisson's ratio, the film lattice constants, and the virtual bulk lattice constant is derived in Eq. (2b). The Poisson's ratio of stoichiometric LaMnO 3 is 0.4. [26] [27] [28] It is known that Poisson's ratio of manganite oxides is slightly variable to stoichiometry change. For example, Poisson's ratio of La 1-x Ca x MnO 3 decreases by 16% when x changes from 0 to 1. 29 For the current study, the LaMnO 3þd layers exhibit similar stoichiometry with variation of d smaller than 0.1. 13 We Figs. 2(a) and 2(b) . a 0,vir decreases from $3.913 Å to $3.906 Å as N increases from 2 to 6 in the N/2 series, but varies from 3.906 Å to $3.911 Å without an N dependence in the N/N series. It is observed that the choice of t ¼ 0.4 or 0.3 does not affect the qualitative relation between a 0,vir and the SL period N. However, we observed that the experimental error from the XRD measurements is quite large for the current study. The experimental uncertainty might be improved in other interfacial systems
C. Biaxial strain and hydrostatic strain
The biaxial strain and the hydrostatic strain are calculated using Eqs. (1a)-1(c). The calculated values of biaxial strains (e b // and e b ? ) are shown in Figs. 3(a) and 3(b) for both the N/2 and N/N SLs. In both series, the IP biaxial strain is always compressive while the OOP biaxial strain is tensile. In the N/2 series, the OOP biaxial strain decreases from $0.23% to $0.05% and the IP biaxial strain increases from À0.2% to À0.04%, both systematically, when N increases from 2 to 6. However, the fairly large experimental error adds some uncertainty to the systematic strain-N dependence in the N/2 series. In the N/N series, the IP biaxial strain nonmonotonously varies from À0.03% to À0.15% and the OOP strain varies from 0.03% to 0.16%. Thus the SL period N is clearly not a good tuning factor for the biaxial strain in the 
D. Conservation of OORs in IP and OOP directions
Next, we find out the relation between the IP-OOR and the OOP-OOR based on the constraint set by Poisson's ratio. In the virtual bulk of R3c rhombohedral symmetry, the Mn-O bond length d is the same in IP and OOP directions. And d is approximated to be the same in three orthogonal directions in the epitaxial layers since d values in the IP and OOP directions were found to be very similar in both types of SLs. 13 In the epitaxial layers, the IP/OOR lattice constants (a/c) can be approximated as in Eqs. (3a) and (3b). a and c are the octahedral rotation angles around the IP axis and OOP axis respectively. Then the change of the lattice constant is related to the change of a 2 and c 2 as shown in Eqs. (3c) and (3d)
The ratio between the IP and OOP biaxial strains can be calculated as shown in Eq. (4). Hence, a simple and straightforward relation between the rotational angles along the IP and OOP directions in the LaMnO 3þd interfacial layers is obtained, as shown in Eq. (5). Using the measured rotation angles (a and c) in the actual LaMnO 3þd layers, the virtualbulk rotation angle a 0,vir in the non-distorted rhombohedral structure can be obtained 
The above derivation of OORs conservation is based on the assumption that d is largely unchanged in the octahedra and the change of OOR plays the dominant role of accommodating different strains. In principle, the current argument of conservation of OORs could be extended to other similar ABO 3 systems. Previous studies have found that under a small or moderate epitaxial strain, the system prefers to change OOR than compressing or stretching the B-O bonds. 21, 39 In other cases where d is significantly changed to match the large strain 5 or the film/SL is grown along the lower symmetry direction such as (110), 40 the current derivations need to be significantly modified. But the IP and OOP lattice reconstructions can always be quantitatively correlated by Poisson's ratio.
E. Discussion
In the bulk, the oxygen octahedra in LaMnO 3 have a much stronger rotational mode than the SrTiO 3 (none at room temperature). Near the interface between SrTiO 3 and materials with strong octahedral rotations, the interfacial SrTiO 3 layer can gain a weak rotational tendency with the magnitude quickly decreasing inside the SrTiO 3 block. [41] [42] [43] Thus the interfacial SrTiO 3 layer likely contributes most to the pollution of the data. And the "polluting" should be the most in the N ¼ 2 superlattices in which both SrTiO 3 layers are next to the LaMnO 3 block. In order to estimate the maximal effect of the rotational SrTiO 3 , we assume the rotation mode is uniform in both the LaMnO 3 and the SrTiO 3 in the N ¼ 2 superlattices. Using the measured lattice constants from the half order peaks and an average Poisson's ratio of 0.27, averaging from the SrTiO 3 bulk (V¼0.232) and the LaMnO 3 bulk (V¼0.3), we can get virtual lattice constants of 3.915 Å (N/2) and 3.910 Å (N/N) in the two 2/2 superlattices, which are still within the experimental uncertainties [see Figs. 2(a) and 2(b) ]. In the N > 2 superlattices, the effect of the rotational SrTiO 3 should be weaker than that in the N ¼ 2 superlattice. Nevertheless, in our previous work about these superlattices, we used the simple model by assuming rotation only in the LaMnO 3 block and got very good fitting results for about 20 octahedral rotational peaks. 13 It implied that the simple model still captures the essential structure in a reasonably good manner. Due to the limit of the XRD half-order measurements, completely separating SrTiO 3 and LaMnO 3þd lattice information in their ultra-thin superlattices is a great challenge. Studies to clearly clarify the SrTiO 3 rotation effect on both the lattice structure and electro-magnetic properties of the ultrathin manganite layers are needed in the future.
The periodic SL structures have been used to generate tunable band gaps, 44 modulate the pattern or magnitude of OORs, 36 and tune the metal-insulator transitions. 45 In the current study, we found that the tunability of various lattice reconstruction parameters (e b // , e b
? , e h, a, and c) by N, has both similar and different characters in the N/2 and N/N SLs. The common character is the same conservation of OORs and enhancement of c at the interface. The difference is in N/2, the negative hydrostatic strain decreases, the biaxial strains converge to zero, and the OORs directly converge to bulk with large N; in N/N, the biaxial and hydrostatic strains remain largely unchanged and the IP and OOP OORs become reversed with enhanced IP rotation at large N. The different tunabilities in the two series of SLs could be partially explained by their compositional differences. 36, 46 In N/ 2, as N becomes large, it quickly approaches the bulk limit of pure LaMnO 3þd . While in N/N, the composition ratio is fixed. Although more theoretical studies are needed to explain the results quantitatively, the variable tunability provides an excellent opportunity to purposely tune the properties through SL periodicity.
It is important to note that a binary relation between strain and OOR is incomplete if one disregards the role of interface stoichiometry, since that stoichiometry can tune the lattice reconstructions at the interface. Additionally, it might be possible that stoichiometry responses to the lattice mismatch at the oxide hetero-interface. 13 The theoretical calculation has shown that oxygen vacancy formation energy is lowered in tensile strained CaMnO 3 films, 47 and the electron energy-loss spectroscopy (EELS) study of SrMnO 3 films under different strains suggested a similar conclusion. 48 If a stoichiometric LaMnO 3 film is grown on the SrTiO 3 substrate, the nominal biaxial strain should be À0.94% in the IP direction and 1.25% in the OOP direction. In the current study, our experimentally derived IP and OOP biaxial strains of the LaMnO 3þd epitaxial layers are both much weaker than the nominal ones, with a maximal absolute value of $0.2% in both directions. Thus it is an interesting question whether there is a tendency to minimize the biaxial strain by introducing nonstoichiometry in the LaMnO 3þd epitaxial layers, which might deserve future studies.
IV. CONCLUSIONS
In summary, we demonstrated a Poisson's ratio approach to quantitatively determine the interfacial strains and explored the underlying mechanism governing the lattice reconstructions in ultrathin LaMnO 3þd interfacial layers in the (LaMnO 3þd ) N /(SrTiO 3 ) N(2) SLs. Using the lattice structure of a virtual bulk with identical stoichiometry to the LaMnO 3þd , we obtained the quantitative biaxial and hydrostatic strains of the ultrathin LaMnO 3þd interfacial layers and discussed their dependences on the SL period. Furthermore, we found a conservation of OORs along the IP and OOP directions in the LaMnO 3þd layers because of the constraint of Poisson's ratio. This study provides a simple and straight forward method to understand the mechanism of the interfacial lattice reconstructions.
